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2ABSTRACT
TRPM2 channel activation by ROS plays a critical role in delayed neuronal cell death
responsible for post-ischemia brain damage via altering intracellular Zn2+ homeostasis, but a
mechanistic understanding is still lacking. Here we showed that H2O2 induced neuroblastoma
SH-SY5Y cell death with a significant delay, dependently of the TRPM2 channel and increased
[Zn2+]i, and therefore used this cell model to investigate the mechanisms underlying ROS-
induced TRPM2-mediated delayed cell death. H2O2 increased concentration-dependently the
[Zn2+]i and caused lysosomal dysfunction and Zn
2+ loss and, furthermore, mitochondrial Zn2+
accumulation, fragmentation and ROS generation. Such effects were suppressed by preventing
PARP-1-dependent TRPM2 channel activation with PJ34 and DPQ, inhibiting the TRPM2
channel with 2-APB and ACA, or chelating Zn2+ with TPEN. Bafilomycin-induced lysosomal
dysfunction also resulted in mitochondrial Zn2+ accumulation, fragmentation and ROS
generation that were inhibited by PJ34 or 2-APB, suggesting that these mitochondrial events
are TRPM2-dependent and sequela of lysosomal dysfunction. Mitochondrial TRPM2
expression was detected, and exposure to ADPR induced Zn2+ uptake in isolated mitochondria,
which was prevented by TPEN. H2O2-induced delayed cell death was inhibited by apocynin
and DPI, NOX inhibitors, GKT137831, a NOX1/4-specific inhibitor, or Gö6983, a PKC
inhibitor. Moreover, inhibition of PKC/NOX prevented H2O2-induced ROS generation,
lysosomal dysfunction and Zn2+ release, and mitochondrial Zn2+ accumulation, fragmentation
and ROS generation. Collectively, these results support a critical role for the TRPM2 channel
in coupling PKC/NOX-mediated ROS generation, lysosomal Zn2+ release, and mitochondrial
Zn2+ accumulation and ROS generation to form a vicious positive feedback signalling
mechanism for ROS-induced delayed cell death.
1 INTRODUCTION
Brain tissues are vulnerable to damage by reperfusion as well as the initial transient ischemia
in patients and rodent models of ischemic stroke (Deb et al., 2010; Doyle et al., 2008; Love,
1999). An early study documented in rodent brains that pyramidal neurons died with a
significant delay during reperfusion (Kirino, 1982), and such delayed neuronal cell death has
been recognized to be critically responsible for post-ischemia cognitive impairment (Doyle et
al., 2008; Kitagawa et al., 1990). Development of post-ischemia therapeutics targeting delayed
neuronal cell death is attractive in ameliorating reperfusion-associated cognitive dysfunction.
It is long known that generation of excessive reactive oxygen species (ROS) occurs during
3reperfusion following transient ischemia when re-oxygenation provides oxygen as a substrate
for oxidation reactions (Chan, 2001; Sanderson et al., 2013). Besides ischemic stroke, there is
a large volume of evidence to support that generation of excessive ROS or oxidative stress is a
major factor in the pathogenesis of neurodegenerative diseases including Alzheimers and
Parkinsons diseases (AD and PD) (Belarbi et al., 2017; Cheignon et al., 2018; Liu et al., 2017;
Manoharan et al., 2016).
Disruption of intracellular ionic homeostasis such as Ca2+ and Zn2+ plays an important
role in triggering neuronal cell death, and numerous ion channels have been identified as
molecular mechanisms in the regulation of intracellular Ca2+ and Zn2+ homeostasis and in the
induction of delayed neuronal death for post-ischemia brain damage and neurodegeneration (Li
et al., 2015; Weilinger et al., 2013). The Ca2+-permeable transient receptor potential melastatin
2 (TRPM2) channel is gated by intracellular ADP-ribose (ADPR) (Perraud et al., 2001; Sano
et al., 2001) and exhibits potent activation by ROS that promote generation of ADPR mainly
via a poly(ADPR) polymerase (PARP)-1 dependent mechanism (Jiang et al., 2010). An earlier
study showed a role of the TRPM2 channel in delayed hippocampal neuronal cell death,
determined 24 hr after incubation in normal oxygenated and glucose-containing medium
following initial exposure for 2 hr to H2O2 or oxygen and glucose deprivation (OGD) (Verma
et al., 2012), but the signalling mechanisms underlying such delayed neuronal cell death
remained unknown. Several recent studies using transgenic TRPM2-knockout mice provide
compelling evidence to support an important role for the TRPM2 channel in mediating delayed
neuronal cell death (Gelderblom et al., 2014; Jia et al., 2011; Nakayama et al., 2013; Shimizu
et al., 2013; Ye et al., 2014), particularly mediating brain damage by reperfusion after transient
ischemia (Alim et al., 2013). Consistently, a more recent study has shown that pharmacological
intervention of the TRPM2 channel within a clinically relevant therapeutic window during
reperfusion protects against post-ischemia brain damage (Shimizu et al., 2016). All these new
findings are exciting in identifying the TRPM2 channel as a promising therapeutic target
alleviating post-ischemia brain damage, but a mechanistic understanding of TRPM2-dependent
delayed neuronal cell death is still lacking. Recent studies also support causative relationships
between the TRPM2 channel activation and AD (Ostapchenko et al., 2015) and PD (Sun et al.,
2016). Our recent studies have further revealed positive feedback signalling mechanisms in
neuronal and microglial cell death initiated by H2O2, Zn
2+RU$ȕ42 that are known to promote
ROS generation (Syed Mortadza et al., 2017, 2018; Li et al., 2017; Li and Jiang, 2018).
Therefore, ROS-induced TRPM2-dependent delayed neuronal cell death may represent a
4common neurodegeneration mechanism. The human neuroblastoma SH-SY5Y cell is widely
used as a cell model in research of neurodegenerative diseases, particularly PD, thanks to its
human origin and dopaminergic function properties (Xicoy et al., 2017). The TRPM2 channel
expression in SH-SY5Y cells has been well documented (Bao et al., 2016; Chen et al., 2013;
Sun et al., 2016). As shown in a recent study, exposure to H2O2 and neurotoxin MPTP (1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine) resulted in TRPM2-dependent cell death in SH-
SY5Y cells as well as in dopaminergic neurons (Sun et al., 2016). In the present study, we
showed that H2O2 induced SH-SY5Y cell death with a striking delay in a TRPM2-dependent
manner, which is strongly reminiscent of H2O2-induced delayed neuronal cell death. We
therefore used SH-SY5Y cells to further investigate the signalling mechanisms underlying
ROS-induced TRPM2-dependent delayed cell death. We provide evidence to suggest that the
TRPM2 channel works together with multiple molecular mechanisms to form a vicious positive
feedback responsible for ROS-induced delayed neuronal cell death. Such findings are useful to
better understand neuronal cell death associated with post-ischemic stroke brain damage and
neurodegenerative diseases.
2 RESULTS
2.1 H2O2 induces TRPM2-dependent delayed cell death
Exposure of SH-SY5Y cells to 100 or even 300 µM H2O2 for 2 hr resulted in no immediate
cell death, but substantial cell death was detected after cells were cultured in H2O2-free medium
further 24 hr following the initial 2 hr exposure to H2O2 (Fig. 1a-b). Cell death was negligible
even at 8 hr after H2O2-treated cells were cultured in H2O2-free medium (Fig. 1a-b).
Consistently, the cell viability immediately after exposure to 100 or 300 µM H2O2 for 2 hr was
similar to that under control conditions, but markedly reduced following culturing in H2O2-free
medium further 24 hr (Fig. 1c). These results clearly indicate a significant delay in H2O2-
induced SH-SY5Y cell death. Recent studies show that the TRPM2 channel expressed in SH-
SY5Y cells mediates cell death upon prolonged exposure to H2O2 (Chen et al., 2013; Sun et
al., 2016). We asked how critical the TRPM2 channel is in mediating H2O2-induced delayed
cell death. H2O2-induced delayed cell death was strongly inhibited by treatment, prior to and
during exposure to H2O2 and subsequent culturing in H2O2-free medium, with 1-10 PM 2-APB
or 1 PM ACA (Fig. 1d-e), two different TRPM2 channel inhibitors (Jiang et al., 2010), and
also significantly, albeit to less extent, by 1 PM PJ34 or 10-30 PM DPQ (Fig. 1f-g), two
inhibitors of PARP-1 that is critically engaged in ROS-induced TRPM2 channel activation
5(Jiang et al., 2010). These results are consistent with a previous study showing that treatment
with clotrimazle, another TRPM2 channel inhibitor, resulted in significant inhibition of H2O2-
induced delayed cell death in hippocampal neurons (Verma et al., 2012) and, taken together,
provide evidence to support a critical role for the TRPM2 channel in mediating H2O2-induced
delayed cell death. We performed the following experiments using SH-SY5Y cells to
investigate the signalling mechanisms underlying ROS-induced TRPM2-dependent delayed
neuronal cell death.
2.2 TRPM2-dependent increase in the [Zn2+]i is critical in H2O2-induced delayed cell death
Ca2+ is a ubiquitous intracellular signal regulating diverse cell functions including cell death.
It was shown that an increase in the intracellular Ca2+ ([Ca2+]i) resulting from extracellular Ca
2+
influx through the TRPM2 channel is important in ROS-induced neuronal cell death (Kaneko
et al., 2006). H2O2-induced delayed cell death in SH-SY5Y cells was slightly but significantly
reduced in extracellular Ca2+-free solution, supporting a role of TRPM2-mediated Ca2+ influx
in H2O2-induced delayed cell death (Fig. 1h-i). H2O2-induced delayed cell death in SH-SY5Y
cells was almost completely prevented by treatment with 1 µM TPEN or 1-10 µM clioquinol
(Fig. 1h-i), two Zn2+ chelators. To further study the role of intracellular Zn2+, we carried out
single cell imaging using FluoZin3 to monitor the [Zn2+]i in SH-SY5Y cells under control
conditions and after exposure to H2O2. Zn
2+ is present as discrete puncta in control cells (Fig.
2a), as we have recently reported in hippocampal neurons (Li et al., 2017; Li and Jiang, 2018;
Ye et al., 2014). Exposure to 10-300 µM H2O2 for 0.5-2 hr led to concentration- and duration-
dependent increases in the [Zn2+]i (supplementary Fig. 1a). As anticipated, such increases in
the [Zn2+]iwere abolished by treatment with TPEN. H2O2-induced increases in the [Zn
2+]iwere
also reduced by removal of extracellular Ca2+ or prior treatment with PJ34 or 2-APB
(supplementary Fig. 1b-c), suggesting a role for TRPM2-mediated Ca2+ influx in H2O2-induced
increase in the [Zn2+]i in SH-SY5Y cells. All these results together indicate a pivotal role for
TRPM2-dependent increase in the [Zn2+]i in H2O2-induced delayed cell death, as we have
recently proposed for delayed neuronal cell death during reperfusion following transient
ischemia (Ye et al., 2014).
2.3 H2O2 increases the [Zn
2+]i, depending on lysosomal dysfunction and Zn
2+ release
To shed light on the mechanisms underpinning TRPM2-dependent change in the intracellular
Zn2+ homeostasis, we carried out single cell imaging of SH-SY5Y cells in conjunction with
6using FluoZin3 and intracellular organelle specific fluorescence markers. A majority of the
Zn2+ puncta in control cells were co-localized with LysoTracker (Fig. 2a and supplementary
Fig. 2a), but not MitoTracker (Fig. 2c and supplementary Fig. 2a) or ER-Tracker
(supplementary Fig. 2a), suggesting mainly lysosomal location. Brief exposure to H2O2 (30
min) elevated the [Zn2+]i accompanied with strong loss of the Zn
2+ puncta and LysoTracker
fluorescence, indicative of lysosomal dysfunction (Fig. 2a and supplementary Fig. 2b-c). These
effects were almost completely inhibited by prior treatment with PJ34 or 2-APB (Fig. 2a-b).
Exposure to H2O2 also caused diffused distribution of lysosomal cathepsin (supplementary Fig.
2d), providing further evidence to support lysosomal dysfunction.
2.4 H2O2 induces TRPM2-dependent mitochondrial Zn
2+ uptake, morphological change and
ROS generation
While there was almost undetectable mitochondrial Zn2+ in SH-SY5Y cells under control
conditions (Fig. 3c and supplementary Fig. 2a), exposure to H2O2 resulted in strong co-
localization of FluoZin3 and MitoTracker (Fig. 2c-d), suggesting occurrence of mitochondrial
Zn2+ uptake. We used RhodZin3, a mitochondrial Zn2+ indicator, to further demonstrate H2O2-
induced mitochondrial Zn2+ uptake (Fig. 2e-f). It is known that increased mitochondrial Zn2+
uptake compromises the mitochondrial function (Medvedeva and Weiss, 2014; Thornton and
Hagberg, 2015). We therefore examined the effects of H2O2 on mitochondria. As illustrated in
Fig. 3a, exposure to H2O2 resulted in remarkable alterations in the morphology of mitochondria
from being typically tubular in control cells to largely fragmented in H2O2-treated cells, as
evidenced by the changes in form factor and aspect ratio that are widely used in quantitative
analysis of mitochondrial morphology (Fig. 3b). H2O2-induced mitochondrial Zn
2+
accumulation and mitochondrial fragmentation in SH-SY5Y cells were prevented by prior
treatment with PJ34 or 2-APB (Fig. 3a-b and supplementary Fig. 3). We also used
MitoTracker-CMH2Xros, a fluorescent indicator for mitochondrial ROS, to show that H2O2
induced considerable and concentration/duration-dependent increases in mitochondrial ROS
generation, which was prohibited by prior treatment with PJ34 or 2-APB as well as with TPEN
(Fig. 3d-f and supplementary Fig. 4). These results provide evidence to suggest that H2O2-
induced TRPM2-dependent mitochondrial Zn2+ uptake results in mitochondrial dysfunction
and promotes mitochondrial ROS generation in SH-SY5Y cells.
72.5 Bafilomycin-induced lysosomal dysfunction leads to TRPM2-dependent mitochondrial
Zn2+ accumulation, morphological change and ROS production
We hypothesized that H2O2-induced lysosomal dysfunction give rise to subsequent
mitochondrial Zn2+ accumulation leading to mitochondrial dysfunction and ROS production.
To test this, we used bafilomycin, an inhibitor of H+-ATPase to directly disrupt the lysosomal
function (Yoshimori et al., 1991). Brief exposure to 100 nM bafilomycin resulted in
mitochondrial Zn2+ accumulation (Fig. 4a), fragmentation (Fig. 4c-d and supplementary Fig.
5a-b) and ROS production (Fig. 4e-f and supplementary Fig. 5c-d). Interestingly, these
bafilomycin-induced mitochondrial effects were largely inhibited by prior treatment with PJ34
or 2-APB as well as TPEN (Fig. 4). These results support the notion that mitochondrial Zn2+
uptake and subsequent mitochondrial dysfunction and ROS generation occur as sequela of
bafilomycin/ROS-induced lysosomal dysfunction.
2.6 TRPM2 is located in isolated mitochondria and required for mitochondrial Zn2+
accumulation
The inhibition of mitochondrial Zn2+ uptake induced by bafilomycin as well as H2O2 by PJ34
and 2-APB prompted our attention to the TRPM2 channel with respect to its location in the
mitochondria and role in mitochondrial Zn2+ uptake in SH-SY5Y cells. While confocal
immunofluorescent imaging revealed dispersed subcellular distribution of the TRPM2 protein
in SH-SY5Y cells, which exhibited overlapping with MitoTracker in some locations (Fig. 5a),
western blotting analysis clearly showed TRPM2 protein in isolated mitochondria from SH-
SY5Y cells (Fig. 5b), like in isolated mitochondria from HEK293 cells expressing the TRPM2
channel (Fig. 5b; Li and Jiang, 2018). To demonstrate requirement for the TRPM2 channel in
mitochondrial Zn2+ accumulation, we imaged Zn2+ uptake in isolated mitochondria. Exposure
to ADPR significantly increased mitochondrial Zn2+ uptake. ADRP-induced mitochondrial
Zn2+ uptake was only observed in Ca2+-containing, but not Ca2+-free solutions (Fig. 5a),
consistent with Ca2+ being crucial in ADPR-induced TRPM2 channel activation (Du et al.,
2009; Toth and Csanady, 2010). In addition, ADPR-induced mitochondrial Zn2+ uptake was
prevented by treatment with TPEN (Fig. 5). Taken together, these biochemical and functional
results provide consistent evidence to suggest that the TRPM2 channel is located in the
mitochondria and required for mitochondrial Zn2+ uptake.
2.7 PKC and NAPDH oxidases are engaged in H2O2-induced delayed cell death
8We next investigated whether in addition to mitochondrial ROS generation, NOX-mediated
generation of ROS is involved in H2O2-induced delayed cell death in SH-SY5Y cells. H2O2-
induced delayed cell death was strongly suppressed by prior treatment with 10-30 µM apocynin
(Fig. 6a) and 0.1-0.3 µM DPI (Fig. 6b), two generic and structurally distinct NOX inhibitors,
and almost completely abolished by prior treatment with 0.1-1 µM GKT137831 (Fig. 6c), a
NOX1/4 specific inhibitor. H2O2-induced delayed cell death was also prevented by prior
treatment with 10-100 nM Gö6983, a PKC inhibitor (Fig. 6d). We used DCFH-DA, a
fluorescent indicator for cellular ROS, to further show considerable ROS generation (Fig. 6e-
f), which was prevented by prior treatment with apocynin, GKT137831 or Gö6983 (Fig. 6e-f).
Moreover, H2O2-induced increase in the [Zn
2+]i and lysosomal dysfunction (Fig. 7),
mitochondrial Zn2+ uptake (Fig. 8a-b), mitochondrial fragmentation (Fig. 8c-d and
supplementary Fig. 6), and mitochondrial ROS generation (Fig. 8e-f) were strongly suppressed
by prior treatment with apocynin, GKT137831 or Gö6983. Taken together, these results
provide clear evidence to support that PKC and NOX, particularly NOX1/4, and NOX-
mediated ROS generation are critically engaged in H2O2-induced delayed cell death in SH-
SY5Y cells.
3 DISCUSSION
The present study demonstrates that H2O2 induces delayed cell death in human neuroblastoma
SH-SY5Y cells, a cell model widely-used in the study of molecular and signalling mechanisms
for neurodegeneration, and provides evidence to suggest that the TRPM2 channel plays a
critical role in forming a positive feedback mechanism responsible for ROS-induced delayed
cell death (Fig. 9). Such mechanistic insights should be useful for better understanding neuronal
cell death associated with post-ischemia brain damage.
It is well-known that excessive ROS is produced during the early stage of reperfusion
(Sanderson et al., 2013). Several recent studies provide genetic and pharmacological evidence
to support an important role of the ROS-sensitive TRPM2 channel in mediating reperfusion-
related brain damage and post-ischemia cognitive dysfunction (Gelderblom et al., 2014; Jia et
al., 2011; Nakayama et al., 2013; Shimizu et al., 2016; Shimizu et al., 2013; Verma et al., 2012;
Ye et al., 2014). Our recent study further suggests that the TRPM2 channel-dependent increase
in the [Zn2+]i during reperfusion is required for delayed neuronal cell death and post-ischemia
brain damage and cognitive dysfunction (Ye et al., 2014). The present study showed that H2O2
induced neuroblastoma SH-SY5Y cell death with a prominent delay (Fig. 1a-c), which was
9significantly suppressed by treatment with structurally different TRPM2 channel inhibitors
(Fig. 1d-e) or PARP-1 inhibitors (Fig. 1e-g). Furthermore, H2O2-induced delayed cell death
was completely prevented by treatment with structurally different Zn2+ chelators (Fig. 1h-k).
Overall, the results from the previous and present studies support that activation of the TRPM2
channel plays a critical part in ROS-induced alterations in the intracellular Zn2+ homeostasis
for delayed neuronal cell death.
Lysosomal Zn2+ and lysosomal dysfunction are implicated in ROS-induced neuronal
cell death (Hwang et al., 2008; Li et al., 2017). As we have recently described in hippocampal
neurons (Li et al., 2017; Li and Jiang, 2018; Ye et al., 2014), the present study showed a low
level of intracellular Zn2+ in control cells, predominantly in puncta, and further demonstrated
a majority of Zn2+ were of lysosomal localization (Fig. 2a-b and Fig. 7a). Brief exposure to
H2O2 increased the [Zn
2+]i that was accompanied with loss of lysosomal Zn
2+ (Fig. 2a-b). These
effects were again similar to those observed in hippocampal neurons (Li et al., 2017; Ye et al.,
2014). A previous study reported that the TRPM2 channel is localized in the lysosomes and
functions as a Ca2+ release channel as well as on the cell surface as a Ca2+-permeable channel
LQSDQFUHDWLFȕFHOOV /DQJHHWDO2XUUHFHQWVWXG\SURSRVHVWKH O\VRVRPDO7530
channel mediates lysosomal Zn2+ UHOHDVH LQ SDQFUHDWLF ȕFHOOV 0DQQD HW DO  EXW LW
remains to be determined that the TRPM2 channel is located in the lysosomes and plays a
similar role in SH-SY5Y cells. H2O2 induced substantial reduction in the LysoTracker
fluorescence in SH-SY5Y cells (Fig. 2a-b), as previously reported by us and others in
hippocampal neurons (Hwang et al., 2008; Li et al., 2017), and diffused subcellular distribution
of lysosomal hydrolase (supplementary Fig. 2d). Therefore, lysosomal dysfunction may be the
route for lysosomal Zn2+ release. Zn2+-binding metallothionein proteins are well known as a
cytosolic Zn2+ sink and also represent a rich source for Zn2+ under oxidative stress, and such
Zn2+ source was shown to contribute in mediating ischemic brain damage (Dineley et al., 2005;
Qian and Noebels, 2005). In the present study, H2O2-induced increase in the [Zn
2+]iwas almost
completely prevented and lysosomal Zn2+ puncta were retained in SH-SY5Y cells treated with
PJ34 or 2-APB (Fig. 2a-b), disfavouring the possibility that Zn2+ release from metallothionein
proteins is a major source for H2O2-induced increase in the [Zn
2+]i observed in the present study.
In this study, we also provide evidence to show that exposure to H2O2 induced
considerable mitochondrial Zn2+ accumulation (Fig. 2c-f), fragmentation (Fig. 3a-b) and ROS
generation (Fig. 3c-f), all of which were prevented by inhibition of the TRPM2 channel (Fig.
2e-f and Fig. 3a-f). Bafilomycin-induced lysosomal dysfunction was also effective in inducing
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mitochondrial Zn2+ accumulation, fragmentation and ROS generation (Fig. 4), suggesting that
these events occur as sequela of lysosomal dysfunction. Furthermore, bafilomycin/H2O2-
induced mitochondrial fragmentation and ROS generation were prevented by treatment with
TPEN (Fig. 3f and Fig. 4), suggesting that mitochondrial Zn2+ accumulation triggers alterations
in the mitochondrial function. Bafilomycin-induced mitochondrial events, particularly
mitochondrial Zn2+ accumulation, were sensitive to inhibition by PJ34 and 2-APB (Fig. 4);
such observations were unanticipated and raised the possibility that the TRPM2 channel is
localized to the mitochondria and required for mitochondrial Zn2+ uptake. A previous study
proposed that the TRPC3 channel is located in the mitochondria and plays an important role in
mediating mitochondrial Ca2+ homeostasis (Feng et al., 2013). The TRPM2 immunoreactivity
co-existed with MitoTracker in SH-SY5Y cells (Fig. 5a) and the TRPM2 protein was detected
in isolated mitochondria from these cells (Fig. 5b). ADPR significantly raised mitochondrial
Zn2+ uptake in isolated mitochondria from SH-SY5Y cells (Fig. 5c). Furthermore, consistently
with Ca2+ being critical in ADPR-induced TRPM2 channel activation (Du et al., 2009; Toth
and Csanady, 2010), ADPR-induced Zn2+ uptake in isolated mitochondria was only observed
in the presence of Ca2+ (Fig. 5a-b). Taken together, these results have led us to propose that the
TRPM2 channel in the mitochondria plays a critical role in mediating the dynamic lysosome-
to-mitochondria Zn2+ translocation that in turn induces mitochondrial dysfunction and ROS
production (Fig. 9), as reported in our recent study in mouse hippocampal neurons and HEK293
cells expressing the human TRPM2 channel (Li and Jiang, 2018).
NOX-mediated ROS generation is a vital signalling pathway in ROS-induced neuronal
cell death (Ma et al., 2017). Consistently, H2O2 induced cellular ROS generation and delayed
cell death in SH-SY5Y cells were strongly reduced by apocynin and DPI, and completely
prevented by GKT137831 as well as Gö6983 (Fig. 5). Inhibition of PKC and NOX further
prohibited H2O2-induced lysosomal dysfunction and increase in the [Zn
2+]i (Fig. 7),
mitochondrial Zn2+ uptake (Fig. 8a-b), mitochondrial fragmentation (Fig. 8c-d) and
mitochondrial ROS production (Fig. 8e-f). Taken together, the results indicate that exposure
to ROS, despite insufficient in causing immediate cell death (Fig.1a-c), can set in motion a
vicious positive feedback mechanism inducing mitochondrial and NOX-mediated ROS
production that drives cell death with a significant delay (Fig. 9).
In summary, we show that the TRPM2 channel acts as a nexus integrating multiple
molecular and signalling mechanisms to form a positive feedback responsible for ROS-induced
delayed cell death. Such findings should be useful in facilitating evolution of a mechanistic
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understanding of delayed neuronal cell death and oxidative stress-related neurodegeneration,
and development of therapeutics to treat ischemic stroke damage and neurodegenerative
diseases.
4 METHODS ANDMATERIALS
4.1 Cell cultures
SH-SY5Y cells used in this study were kindly provided by Dr JA Sim, University of
Manchester, UK and maintained in DMEM/F12 medium (Life Technologies) supplemented
with 10% foetal bovine serum (FBS) (Sigma) and 1%MEM non-essential amino acids solution
(Invitrogen) at 37°C under 5% CO2 humidified conditions. Maintenance of human embryonic
kidney 293 (HEK293) cells with tetracycline-inducible expression of human TRPM2
(hTRPM2) channel in DMEM/F12 medium supplemented with FBS and induction of TRPM2
channel expression were detailed previously (Mann et al., 2015).
4.2 Measurement of cell death
Cells were seeded at a density of 3.5 x 104 per well in clear flat bottom 96-well plates (Sarstedt)
24 hr before use. Cells were treated with H2O2 at indicated concentrations for 24 hr. To induce
delayed cell death, cells were treated with H2O2 for 2 hr and continued to be cultured for
indicated durations after H2O2-containing medium was replaced with fresh H2O2-free medium.
In some experiments, inhibitors at indicated concentrations were added for 30 min before and
during the whole experiment. Cell death was measured as follows. Cells were incubated in 1
µg/ml propidum iodide (PI) (Sigma) and 1 µM Hoechst 33342 (Cell Signaling Technology)
for 30 min. Images were captured using an EVOS® Cell Imaging System (Life Technologies)
and the cell counting was performed using ImageJ.
4.3 Cell viability assay
The cell viability was determined using lactate dehydrogenase (LDH) based toxicology assay
kits (Sigma) according to the manufacturers instructions. In brief, after cells were prepared
and treated as described above for PI staining, 20 µl culturing medium was transferred from
each well into in a fresh 96-well plate, and 40 µl LDH assay mixture was added and incubated
for 30 min before the reaction was terminated by adding 6 µl 1 M HCl into each well. The
absorbance at 490 nm was measured using a Varioskan Flash microplate reader (Thermo
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Scientific) and the absorbance at 690 nm representing the background was also measured and
subtracted.
4.4 Single cell confocal imaging
Cells were seeded at a density of 1 x 105 per dish in poly-L-lysine coated glass-bottom petri
dishes (World Precision Instruments) 24 hr before use. After the medium was removed, cells
were rinsed with standard buffer solution (SBS: 130 mM NaCl, 5 mM KCl, 1.2 mM MgCl2, 8
mM glucose, 10 mM HEPES, 1.5 mM CaCl2, pH 7.4), and incubated in SBS containing 1 µM
FluoZin3-AM or 3 µM RhodZin3-AM (Life Technologies) and, in some experiments, also 25
nM MitoTracker Red CMX-Ros, 100 nM MitoTracker Green FM, 1 µM LysoTracker Red
DND-99 or 1 µM ER-Tracker Red Dye. Dishes were incubated at 37°C for 30 min. Cells were
rinsed with SBS and kept in SBS. Inhibitors were added into SBS at indicated concentrations
to test their effects on the [Zn2+]i. In some experiments, Ca
2+-free SBS (130 mM NaCl, 5 mM
KCl, 1.2 mMMgCl2, 8 mM glucose, 10 mM HEPES, 0.4 mM EGTA, pH 7.4) was used. Cells
were treated with H2O2 at indicated concentrations and durations. Cells were maintained with
SBS before images were captured using an inverted Zeiss LSM880 confocal microscope with
a 63x objective. Environmental control (temperature and CO2) was applied during cell imaging.
The fluorescence intensity was determined using ImageJ.
4.5 Immunofluorescent confocal imaging
Cells were seeded at a density of 2.5 x 104 per well on a 13-mm poly-L-lysine-coated coverslips
placed in a 24-well plate (Sarstedt). After gently rinsed with phosphate buffer saline (PBS),
cells were incubated in Zambonis fixative (15% (v/v) picric acid and 5.5% (v/v) formaldehyde
in PBS) for 1 hr. The fixed cells were rinsed with PBS, and incubated with blocking solution
(10% (v/v) goat serum (Sigma) and 4% (v/v) Triton X-100 (Sigma) in PBS) for 1 hr. For some
experiments, cells were incubated in 50 nMMitoTrackerRed CMX-Ros for 30 min before cells
were fixed. Cells were incubated with primary mouse anti-cathepsin B antibody (1:100;
Calbiochem) overnight at 4°C. Cells were washed in PBS and incubated with secondary anti-
mouse IgG antibody conjugated with fluorescein isothiocyante-conjugated (Sigma) for 1 hr.
Cells were washed with PBS and rinsed in water before mounted with SlowFade Gold Antifade
with DAPI (Invitrogen) and kept in 4°C. Images were captured using an inverted Zeiss
LSM880 confocal microscope with a 63x objective and analysed using ImageJ.
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4.6 Measurements of cellular ROS and mitochondrial ROS
Cellular ROS generation was measured using 2,7-dichlorofluorescin diacetate (DCFH-DA)
(Sigma). Cells were incubated with 3 µM DCFH-DA 30 min before treated with indicated
conditions and excess dye were washed by replacing medium with PBS before taking images.
Mitochondrial ROS generation was measured using MitoTracker Red CM-H2Xros according
to the manufacturers instructions. After indicated treatments, cells were incubated in medium
containing 100 nM MitoTracker Red CM-H2Xros for 30 min at 37°C. Medium were replaced
with fresh PBS before taking images. Images were captured using an EVOS® Cell Imaging
System and the fluorescence intensity was determined using ImageJ.
4.7 Isolation of mitochondria and measurements of mitochondrial Zn2+ uptake
Mitochondria were isolated from SH-SY5Y cells or hTRPM2-expressing HEK293 cells using
Mitochondria Isolation kits according to the manufacturers instructions (Thermo Scientific).
Isolated mitochondria were suspended with SBS containing 1 µM RhodZin3-AM (Life
Technologies) and incubated at 37°C for 1 hr, and RhodZin3-AM was removed by
centrifugation. Mitochondria suspension was dropped on a glass slide and covered with a
coverslip. Images were captured using an inverted LSM700 confocal microscope and the
fluorescence intensity was determined using ImageJ.
4.8 Western blotting
Isolated mitochondria were lysed at 4°C in radioimmunoprecipitation assay buffer for 30 min.
Proteins were separated by electrophoresis on 10% sodium dodecyl sulfate-polyacrylamide
gels and transferred onto polyvinylidene difluoride membranes. After incubation with primary
rabbit anti-TRPM2 antibody (1:1000; Bethyl) or mouse anti-Cyt-c antibody (1:500; BD
Pharmingen) and secondary anti-rabbit or anti-mouse antibodies conjugated to horseradish
peroxidase. Proteins were visualized using SuperSignal West Pico PLUS Chemiluminescent
Substrates (ThermoFisher).
4.9 Data analysis and presentation
Cell death was determined by expressing the number of PI positive cells as percentage of all
cells in the same areas identified by DAPI or Hoechst counterstain. Cell viability was
determined by expressing the LDH content as percentage of that released from complete cell
lysis induced by 2% Triton X-100 (Berns et al., 2009). Co-localization of two fluorescent
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signals was quantified by Pearsons correlation coefficient as previously described (Dunn et
al., 2011); the coefficient value varies between 0 and 1, being no and total positive correlation.
The morphology of mitochondria was characterized by computer-assisted analysis of aspect
ratio and form factor (De Vos et al., 2005; Koopman et al., 2005). Data are presented as mean
± standard error mean, where appropriately. Statistical significance analysis was conducted
using analysis of variance with post-hoc Tukey test, with significance at the level of p < 0.05.
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FIGURE LEGENDS
Figure 1 H2O2 induces TRPM2-dependent delayed cell death.
(a) Representative images showing PI and Hoechst staining of SH-SY5Y cells under control
conditions (CTL), or immediately after exposure to 300 µM H2O2 for 2 hr, or after 8 and 24 hr
culturing in H2O2-free culture following the initial 2 hr exposure to H2O2. (b) Summary of the
mean percentage of PI positive cells from 3 independent experiments. (c) Summary of the
mean LDH release from cells under indicated conditions, expressed as percentage of that from
cells lysed with 2% Triton X-100, from 3 independent experiments. (d-k) Representative
images showing PI and Hoechst staining (d, f, h, j) and summary of the mean PI positive cells
from 3 independent experiments (e, g, i, k) for SH-SY5Y cells treated with indicated inhibitors
30 min before and during 2 hr exposure to H2O2 and subsequent culturing in H2O2-free medium
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for 24 hr. Scale bar is 100 µm. ***, p < 0.005 compared with control; , p < 0.005 compared
with cells treated with H2O2 alone.
Figure 2 TRPM2 channel in H2O2-induced increase in the [Zn2+]i, lysosomal dysfunction
and Zn2+ release, and mitochondrial Zn2+ accumulation.
(a) Representative images showing FluoZin3 and LysoTracker fluorescence, and their co-
localization in merged (and enlarged) images in cells under control conditions (CTL), after
exposure to 100 µM H2O2 for 30 min, or pre-treated with 1 µM PJ34 or 10 µM 2-APB 30 min
before exposure to H2O2. (b) Summary of the mean FluoZin3 and LysoTracker fluorescence
intensity (left and middle), and Pearsons coefficient (right) under indicated conditions, from
30-38 cells from 3 independent experiments for each case. (c) Representative images showing
FluoZin3 and MitoTracker fluorescence, and their co-localization in merged (and enlarged)
images in cells control conditions (CTL) or after exposure to 100 µM H2O2 for 30 min. (d)
Summary of the mean FluoZin3 fluorescence intensity (left) and Pearsons coefficient (right)
under indicated conditions from 30-35 cells from three independent experiments for each case.
(e) Representative images showing RhodZin3 fluorescence in cells under control conditions
(CTL), after exposure to 100 µM H2O2 for 30 min, or pre-treated with 1 µM PJ34 or 10 µM 2-
APB 30 min before exposure to H2O2. (f) Summary of the mean RhodZin3 fluorescence
intensity under indicated conditions from 25-30 individual cells in 3 independent experiments
for each case. Scale bar is 10 µm. ***, p < 0.005 compared to untreated cells; , p < 0.005
compared with cells treated with H2O2 alone.
Figure 3 TRPM2 channel in H2O2-induced mitochondrial fragmentation and
mitochondrial ROS production.
(a) Representative MitoTracker fluorescence images showing mitochondrial morphology in
control cells, cells after exposure to 100 PM H2O2 for 30 min, or cells pre-treated with
inhibitors for 30 min before exposure to H2O2. (b) Summary of the mean form factor (left) and
aspect ratio (right) of mitochondria in cells treated with indicated conditions from 60-90 cells
in 3 independent experiments for each case. (c) Representative images showing mitochondrial
ROS (MitoROS) generation in control cells, cells after exposure to H2O2 or cells pre-treated
with PJ34 for 30 min before exposure to H2O2. (d-f) Summary of the mean MitoROS intensity
under indicated conditions from 3 independent experiments. Scale bar is 10 (a) or 100 µm (c).
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***, p < 0.005 compared with control cells; , p < 0.05 and , p < 0.005 compared with cells
treated with H2O2 alone.
Figure 4 TRPM2 channel in bafilomycin-induced mitochondrial fragmentation and
mitochondrial ROS production.
(a) Representative time-lapse confocal images showing RhodZin3 fluorescence before and 30
min after exposure to 100 nM bafilomycin in control cells or cells pre-treated with inhibitors
30 min before exposure to bafilomycin. (b) Summary of the mean RhodZin3 fluorescence
intensity under indicated conditions from 3 independent experiments. (c) Representative
MitoTracker fluorescence images showing mitochondrial morphology in cells treated by
bafilomycin or pre-treated with inhibitors for 30 min before bafilomycin treatment. (d)
Summary of the mean form factor (top) and aspect ratio (bottom) of mitochondria in cells from
50-60 cells in 3 independent experiments for each case. (e) Representative images showing
mitochondrial ROS (MitoROS) generation in cells treated by bafilomycin or pre-treated with
inhibitors for 30 min prior to bafilomycin treatment. (f) Summary of the mean MitoROS
generation under indicated conditions from 3 independent experiments. Scale bar is 10 (a, c)
or 100 µm (e). *, p < 0.05 and ***, p < 0.005 compared with control cells; , p < 0.05 and ,
p < 0.005 compared with cells treated with bafilomycin alone.
Figure 5 TRPM2 expression and ADPR-induced Zn2+ uptake in isolated mitochondria.
(a) Representative confocal images showing TRPM2 immunoreactivity (green) and
MitoTracker (red) in SH-SY5Y cells. Scale bar is 10 µm. (b) Representative western blot
showing protein expression of TRPM2 and cytochrome c (Cyt-c), a mitochondrial protein, in
mitochondria isolated from SH-SY5Y cells and HEK293 expressing the hTRPM2 channel
(TRPM2-HEK293). (c) Representative images showing RhodZin3 fluorescence in
mitochondria isolated from SH-SY5Y cells, under control conditions (CTL), treatment with 1
mM ADPR 30 min prior to addition of Zn2+, 1 mM ADPR in combination with 1 µM TPEN
30 min prior to addition of Zn2+, or in the absence of Ca2+. Brightfield images showing
mitochondria morphology. (d) Summary of the mean RhodZin3 fluorescence intensity under
indicated condition from 3 independent experiments for each case. *, p < 0.05 compared to
control; , p < 0.05 and , p < 0.005 compared to cells treated with Zn2+ and ADPR.
Figure 6 PKC and NOX in H2O2-induced delayed cell death and ROS generation.
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(a-d) Left, representative images showing PI staining of SH-SY5Y cells. Cells were exposed
to 300 µM H2O2 for 2 hr and then cultured H2O2-free medium for 24 hr, or were treated with
30 µM apocyinin (a) or 0.3 µM DPI (b) 0.1 µM GKT137831 (c) or 10 nM Gö6983 (d) for 30
min before exposure to H2O2. Each panel consists of PI staining image showing dead cells and
Hoechst staining image showing all cells. Right, summary of the mean percentage of PI positive
cells from 3 independent experiments for each case. (e)Representative images showingDCFH-
DA fluorescence in cells treated by 300 µM H2O2 for 2 hr, or cells pre-treated with 30 µM
apocyinin, 0.1 µM GKT137831 or 10 nM Gö6983 for 30 min before exposure to H2O2. (f)
Summary of the mean DCFH fluorescence intensity under indicated conditions from 3
independent experiments. Scale bar is 100 µm. ***, p < 0.005 compared to control cells; , p
< 0.01 and , p < 0.005 compared to cells exposed to with H2O2 alone.
Figure 7 PKC and NOX in H2O2-induced lysosomal dysfunction and Zn2+ release.
(a) Representative images showing FluoZin3 and LysoTracker fluorescence and their co-
localization in cell under control conditions (CTL), after exposure to H2O2 for f 30 min or pre-
treated with the inhibitor for 30 min before exposure to H2O2. (b) Summary of the mean
FluoZin3 (top) and LysoTracker fluorescence intensity (middle), and Pearsons coefficient
(bottom) under indicated conditions from 20-25 cells from 3 independent experiments for each
case. Scale bar is 10 µm (a). *, p < 0.05; **, p < 0.01 and ***, p < 0.005 compared with control
cells. , p < 0.05 and , p < 0.005 compared with cells exposed to with H2O2 alone.
Figure 8 PKC and NOX in H2O2-induced mitochondrial Zn2+ accumulation,
mitochondrial fragmentation and ROS production.
(a) Representative images showing RhodZin3 fluorescence in control cells (CTL), cells after
exposure to 100 µM H2O2 for 30 min, or cells pre-treated with indicated inhibitors for 30 min
before exposure to H2O2. (b) Summary of the mean RhodZin3 fluorescence intensity under
indicated conditions from 30-35 individual cells in 3 independent experiments for each case.
(c) Representative MitoTracker fluorescence images showing the mitochondrial morphology
in control cells, cells after exposure to 100 µM H2O2 for 30 min, or cells pre-treated with the
indicated inhibitor for 30 min before exposure to H2O2. (d) Summary of the mean form factor
(left) and aspect ratio (right) of mitochondria in cells under indicated conditions from 40-60
cells in 3 independent experiments for each case. (e) Representative images showing
mitochondrial ROS (MitoROS) generation in control cells, cells after exposure to 100 µMH2O2
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for 30 min, or cells pre-treated with indicated inhibitors for 30 min before exposed to H2O2. (f)
Summary of the mean MitoROS under indicated conditions from 3 independent experiments.
Scale bar is 10 (a, c) or 100 µm (e). ***, p < 0.005 compared with control cells. , p < 0.005
compared with cells exposed to H2O2 alone.
Figure 9 Proposed TRPM2-dependent mechanisms for ROS-induced delayed cell death
Initial exposure to H2O2 stimulates protein kinase C (PKC) and NADPH oxidase (NOX)
activity and generation of reactive oxygen species (ROS). ROS in turn stimulate PARP-1-
mediated production of ADPR and activation of the TRPM2 channel. The TRPM2 channel
may mediate lysosomal dysfunction that leads to lysosomal Zn2+ release and is required for
mitochondrial Zn2+ accumulation, triggering mitochondrial dysfunction and ROS generation,
which in return enhances NOX-mediated ROS generation and oxidative stress. Such a vicious
positive feedback leads to cell death with a significant delay.
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